Although, increased aerosol concentration modifies local air temperatures and boundary layer structure in urban areas, little is known about its effects on the urban hydrological cycle. Changes in the hydrological cycle modify surface runoff and flooding. Furthermore, as runoff commonly transports pollutants to soil and water, any changes impact urban soil and aquatic environments. To explore the radiative effect of haze on changes in the urban surface water balance in Beijing, different haze levels are modelled using the Surface Urban Energy and Water Balance Scheme (SUEWS), forced by reanalysis data.
. Overall model parameter values used at model runs in Beijing. See Table A1 for notation and Järvi et al. (2011 Järvi et al. ( , 2014 ; Ward et al. (2016) Liu et al. (2012) ).
Physical quantity Instrument Model
Three-dimensional wind velocity Three-dimensional sonic anemometer CSAT-3 H2O density Infrared gas analyser Haze is known to attenuate K↓ in highly polluted environments but this attenuation is not properly accounted for in the WFDEI data ( Fig. 1 and 2 , Table 3 ) because sometimes haze may be from local emissions and because of secondary nucleation.
Overestimation of hourly K↓ WF against the observed values increases with the level of pollution (nMBE: -0.01, 0.00, 0.08, 0.28; fairly clean, low pollution, polluted and extremely polluted air, respectively; see Sect. 2.1 for details). Thus hourly K↓ WF is corrected using observations between 2006-2009 from the 325 m IAP measurement tower separately for thermal summer 5 (Apr-Sept) and winter (Oct-Mar) due to slightly different behaviour ( Fig. 1 and A1) . First a Lowess smoothing is applied to observed K↓ normalized with the clear sky radiation (determined from I SC × cos θ z , where I SC is the solar constant (1367 W m −2 ) and θ z is the solar zenith angle) as a function of AOD. Second, regression coefficients for different times of day are determined ( Fig. 1) . Before corrections are applied to WFDEI data, the K↓ WF is downscaled from 3 h to 1 h temporal resolution (Kokkonen et al., 2018b) . The corrections are made by fitting the hourly K↓ WF data for the whole study period 2013) using regression coefficients when AOD observations are available (N = 20462). The developed correction increases substantially the K↓ WF accuracy during haze events bringing the more polluted levels closer to the cleaner levels (nMBE: -0.01, 0.00, -0.03, -0.03 from clean to extremely polluted conditions; before correction nMBE: -0.01, 0.00, 0.08, 0.28).
The height corrected T air,WF (Kokkonen et al., 2018b) correlates with observations well (r>0.93) and the nMBE is low (up to 0.26; Table 3 ). The nMBE of RH WF is also low (from -0.11 to 0.11) and the correlation coefficient reasonably good (>0.68).
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Thus, these reanalysis variables are assumed to already include the effect of haze.
The WFDEI precipitation is higher than observed for days with <11 mm day −1 of precipitation, but too low for higher (>11 mm day −1 ) daily rainfall rates (Fig. 3 ). After the BCQM correction (Kokkonen et al., 2018b) the correspondence with observations is generally improved (Fig. 3 ) as found previously in Vancouver and London (Kokkonen et al., 2018b) . However, P WF statistics (Table 3) during extremely polluted and polluted levels become slightly poorer (r: from 0.42 to 0.38 and 0.73 20 to 0.68; nRMSE: from 0.95 to 1.06 and 0.85 to 1.33, respectively) whereas mainly improving with low pollution and fairly clean pollution levels (r: from 0.49 to 0.55 and 0.66 to 0.67; nRMSE: from 0.95 to 1.00 and 0.80 to 0.77, respectively). It is expected that the correction affects mostly cleaner conditions since most of the larger daily totals of precipitation occur during low pollution and fairly clean air (Fig. 4) .
The corrected K↓ WF and other meteorological variables correspond well with observations in all air quality levels except 25 for P WF which still has substantial biases even after the correction (Fig. 5 , Table 3 ).
Meteorological conditions during haze
Haze events in Beijing typically occur with southerly winds, which brings warm and humid air masses from the south (e.g., Cai et al., 2017; Chen and Wang, 2015; Wu et al., 2017) . In addition, the wind speeds are typically slower (< 2 m s −1 ) during haze events (Zheng et al., 2015 (Zheng et al., , 2016 . The highly polluted industrial areas are located south of Beijing, so southerly winds transport 30 pollutants from these areas (Zhang et al., 2014; Zhao et al., 2013; Zheng et al., 2015) . These meteorological conditions are also favorable to haze formation from local emissions and secondary nucleation (Kulmala et al., 2016; Yao et al., 2018) . Due to wet deposition of aerosols the high precipitation rates commonly occur on less polluted days (Ouyang et al., 2015) . Meteorological conditions during haze events are well represented in the corrected WFDEI dataset. Figure 6 shows the average daily meteorological conditions of all the days when AOD >1 (N = 568, day 0), five days before and five days after for different WFDEI meteorological variables in 2001-2013. When AOD increases in the extremely polluted conditions (from 0.99 in day -5 to 1.82 in day 0), RH WF and T air,WF also increase (from 55.1 % and 22.5 • C in day -5 to 56.0 % and 24.0 • C in day 0) and U WF and P WF decrease (from 1.8 m s −1 and 2.5 mm day −1 in day -5 to 1.8 m s −1 and 1.0 mm day −1 in day 5 0). The correct description of meteorological conditions during haze events makes the study of water balance during different pollution levels possible using the WFDEI data. 
Evaluation of SUEWS model in polluted urban environment
SUEWS model performance is relatively independent of haze levels as its effects on local meteorological conditions are included in the model input variables P , K↓, T air and RH. As the incoming longwave radiation (L↓) emitted by the sky is calculated from T air and RH, which have positive correlation with level of pollution in Beijing (e.g., Cai et al., 2017; Chen and Wang, 2015; Wu et al., 2017) , the positive correlation of L↓ and air quality is reproduced by SUEWS ( Figure 7b ). Therefore, 5 the model performance does not significantly decrease with increasing AOD (Fig. 5 , Table 5 ), even though there are substantial differences in uncertainties of P WF between the different air quality conditions. Surface runoff, which is most sensitive to precipitation, is analysed using normalized values and therefore the uncertainties in P WF are not crucial to the conclusions.
After the above corrections are made to the WFDEI data, the model performance is improved (Table 5 ) and SUEWS simulates Q E well (r>0.73, nRMSE: 0.58 to 0.81 from clean to extremely polluted conditions) and the results during different air quality levels are generally comparable to each other (Fig. 5 , Table 5 ). Also the modelled sensible heat flux (Q H ) is reasonably good (r>0.74, nRMSE: 0.83 to 1.33 from clean to extremely polluted conditions) with overestimating slightly the daytime values. Similar overestimation has been observed with other urban local scale models used in Beijing (e.g., Liang et al., 2018) and relates likely to the overestimated anthropogenic heat flux (Q F ) or underestimated storage heat flux (∆Q S ) values that cannot be easily measured. Detailed hydrological analysis on the effect of haze can be made using SUEWS forced by WFDEI 5 data in highly polluted Beijing as, the performance of the model is similar to the results in cleaner cities of Vancouver, Los
Angeles, London and Swindon (e.g., Järvi et al., 2011; Kokkonen et al., 2018b; Ward et al., 2016) .
The radiative effect of haze on surface water balance
Comparison of K↓ for different pollutant levels finds that haze attenuates K↓ WF by 167 W m −2 (medians of midday K↓ WF of fairly clean conditions and extremely polluted conditions; Fig. 7) . This reduces the surface energy availability and sensible 10 heat fluxes (Kajino et al., 2017) . In addition, K↓ absorbed by the heavily polluted layer changes the vertical temperature profile leading to an increased stability, which reduces turbulence and mixing and therefore also the boundary layer height (Petäjä et al., 2016) . With less energy available at the surface, evaporation decreases by 0.42 mm day −1 (daily median of fairly clean compared to extremely polluted conditions, Fig. 4) . Thus with the same precipitation rate more water would be stored at the surface or in the soil or directed to surface runoff, especially during the smaller precipitation intensities associated with more 15 polluted levels (Fig. A2) . The drainage is decreased by 0.19 mm day −1 and the runoff coefficient (C R = R/[P + I], where I is irrigation) is increased by 0.047 based on the same comparison of daily medians for the 0-25 percentiles daily precipitation shown. The amount of data used for each box is shown in Table 4 . For statistics see Sect. 2.1.
( Fig. 4) . This is because for the most polluted days with the lowest precipitation (0-25 percentiles) P is slightly larger (0.07 mm day −1 ) and E is the lowest (1.69 mm day −1 ) resulting in C R being largest (median 0.097) whereas the cleaner conditions are substantially lower (0.039-0.049) ( Fig. 4) . As higher daily precipitation percentiles are included, the higher amount of P during the fairly clean conditions starts to dominate. Even though the median C R during extremely polluted conditions is higher than during other polluted levels (polluted and low pollution conditions) in all of the precipitation classes, C R during 5 fairly clean air starts to be equal with the extreme haze conditions during days with precipitation of 0-75 percentiles (C R : 0.13, 0.08, 0.08, 0.17 for extremely polluted, polluted, low pollution and fairly clean air, respectively) and exceeds extreme haze conditions when all the percentiles of precipitation are included (0.16, 0.10, 0.10, 0.30 from extremely polluted to fairly clean conditions). 
Discussion of broader impacts
Beijing urban top soil is heavily polluted in gardens, roadsides and residential areas in Beijing (e.g., Chen et al., 2005; Xia et al., 2011) . Two-thirds of Beijing's water supply is from groundwater which is often contaminated by surface pollution sources (Sun et al., 2014) . Decreased evaporation with poorer air quality increases surface drainage (0.70, 0.54, 0.44, 0.50 mm day −1 from extremely polluted to fairly clean conditions) ( Fig. 4) potentially causing more infiltration to groundwater from surfaces on 5 occasions where higher atmospheric deposition has occurred. Hence, potentially making water quality poorer.
The increase in surface runoff during high haze conditions is quite small (Fig. 4) and may not contribute significantly to urban flooding. However, the poorest surface runoff water quality is associated with first flush of runoff (Deletic and Maksimovic, 1998; Gupta and Saul, 1996; Yufen et al., 2008) , thus the days with increased runoff may have poorer water quality. The irrigation of urban green areas might have also similar effect by flushing the pollutants regularly from the surfaces. The flush 10 of pollutants from contaminated surfaces to urban water bodies as surface runoff from vegetated and impervious surfaces in Beijing has been shown to include significantly more pollutants than rain water (Yufen et al., 2008) . Therefore, the increase in runoff and drainage due to radiative effect of haze will increase the pollutant loads in already deteriorated urban surface waters (Sun et al., 2014) and groundwater.
Conclusions
In this study the radiative effect of haze on local scale hydrological cycle is examined for the period 2001-2013. The hydrolog- The effects of haze are well accounted for in the original WFDEI meteorological variables except for incoming solar radiation and precipitation. After the correction, daily precipitation totals are generally improved, but there are still substantial differences WFDEI forcing data, respectively). Therefore the local urban water balance can be modelled despite substantial biases in WFDEI precipitation data.
Detailed analyses of water balance terms finds that attenuated incoming solar radiation due to increased atmospheric aerosol concentrations decrease the daily median evapotranspiration from 2.16 mm day −1 during fairly clean conditions to 1.74 mm day −1 during extremely polluted conditions. This leads to an increased runoff coefficient (from 0.049 to 0.097 during fairly clean and extremely polluted conditions, respectively) especially during smaller precipitation totals (days with precipitation totals of 25th percentile). When all precipitation events are included the higher precipitation levels during fairly clean conditions induce highest runoff coefficients (0.30), even though the runoff coefficient during the extremely polluted conditions (0.16) is higher than during other air quality levels (0.10 in both polluted and low pollution conditions). Also soil infiltration is increased due to decreased evapotranspiration: drainage from 0.48 mm day −1 during fairly clean conditions to 0.68 mm day −1 during 5 extremely polluted conditions.
This study is the first to examine the radiative effects of haze on local scale urban hydrological cycle. The increased surface runoff and soil infiltration are expected to lead to increased pollutant loads washed from polluted surfaces and top layers of soils into urban surface waters and groundwater which are already poor in the Beijing region. The evaluation of WFDEI reanalysis data gives first results of the representativeness of an reanalysis dataset in a highly polluted urban area. Also other reanalysis Code and data availability. For SUEWS manual and software, visit: http://suews-docs.readthedocs.io. WATCH WFDEI data can be acquired from ftp://rfdata:forceDATA@ftp.iiasa.ac.at and AOD data from https://aeronet.gsfc.nasa.gov/.
Appendix A Table A1 . Notations used in Tables 1 and A2 . Details and sources of the values in Järvi et al. (2011 Järvi et al. ( , 2014 Table A2 . Model parameters used in SUEWS for different surfaces: buildings (bldgs), paved (pav), evergreen vegetation (everg), deciduous vegetation (dec), grass and water. Initial conditions assume there is no snow on the ground and leaf area index of each vegetation type is at their minimum value. See Table A1 for notation and Järvi et al. (2011 Järvi et al. ( , 2014 Table A3 . Disaggregation for precipitation parameters (see details from Ward et al. ( , 2018 ). Rainfall is evenly distributed among RainAmongN subintervals in a rainy interval for different intensity bins. The number of subintervals over which to distribute rainfall in each interval is given in MultRainAmongN for three intensity bins. Upper limit for each intensity bin to apply MultRainAmongN is given in MultRainAmongNUpperI.
Resolution of input 3 h

Disaggregation method 102
RainAmongN 36
MultRainAmongN 15 24 36
MultRainAmongNUpperI 1.5 6.0 150.0 Figure A1 . As Fig. 1 , but for the thermal winter months (Oct-Mar). 
